Abstract. Superconducting coils (SC) are the core elements of Superconducting Magnetic Energy Storage (SMES) systems. It is thus fundamental to model and implement SC elements in a way that they assure the proper operation of the system, while complying with design specifications. As a part of a larger model, a coil design model is here presented and verified with tests made in a laboratory prototype. The limitations of the superconducting tape used, namely the negative effect of magnetic field components on its critical current value, are also verified and a possible solution to avoid that effect is studied.
Introduction
SMES system is a superconducting device with several possible applications in electric grids, and specially in the future's Smart Grids [1] . With such device it is possible to overcome several power quality issues, as voltage dips and swells, frequency oscillations or harmonic distortion [2] . Power quality is a very important topic in power grids, considering the huge dissemination of microprocessors and electronic devices. Electric energy is usually required to have high quality, i.e. with limited disturbances [3] , making SMES a potential candidate in this field [1] .
The operation principle of the SMES is based on storing energy in the magnetic field of a SC coil according to 2 1 2 E LI =
where E is the stored energy, L is the inductance of the SC coil and I is the current flowing in it. This energy is discharged into the grid when necessary. Since current flowing in the coil is DC and usually grids operate in AC, a bidirectional AC/DC converter and proper control strategies are necessary to assure energy exchanges with grid. This type of storage is only possible with superconducting materials, with virtually zero DC losses, as current decay due to e.g. copper resistivity would made it unfeasible.
The main goal of this work relies on deriving models for the SC coil that can be used in the design stage. These models must include not only electromagnetic effects but also mechanical and thermal characteristics of the coil. As a first approach, it was created a model to obtain the inductance of a coil given its geometric parameters. This model was then validated by comparing its results with measurements made in a real coil.
The coils used in experiments were implemented using first generation (1G) SC tape, built by BiSrCaCuO ceramic on its phase 2223. This material shows a significant drop in its critical current value in the presence of external magnetic field [4] . This degradation increases dramatically with components of magnetic field perpendicular to the tape. The influence of magnetic field in the value of the critical current is verified by measurements of critical current. In order to verify such dependence and improve the critical current a possible solution is also presented in the paper.
Contribution to the Internet of Things
Unlike existing unidirectional power grids, in electric grids of the future, energy is foreseen to flow up-and downstream. Smart Grids concept involves both energy and information flows on the grid [5] . To add information flow several standards and protocols must be created or adapted [6] . This paradigm change transforms the power grid in a completely new grid, much more similar to information networks like internet. In the last years several efforts are being made to create the concept of Internet of Things (IoT) in which every devices are connected to the Web. Smart Grids represent a particular case of IoT, where reliability and security of supply are requirements of utmost importance, considering energy transmission and distribution. Devices like SMES are foreseen to address these challenges, as well as contributing to integration of distributed generation, in a context of Smart Grids and IoT.
Superconducting Coil Modeling

Geometry Based Model
According to (1), stored energy in SMES depends on the current flowing through the SC coil and on its inductance. Since current depends on the superconducting material itself (critical current of the SC tape limits the admissible operation current) it is fundamental to maximize the inductance of the coil, so that the stored energy can be maximized while optimizing the required volume of material. Several approaches can be followed to determine the maximum inductance of a coil with specific geometric characteristics. In this case, a mathematical method was used. This method is based in classical formulas to determine self and mutual inductances of air core pancake coils [7, 8] . Considering the geometric variables defined in Fig. 1 , considering that N is the number of turns of a single coil, then its self inductance L in mH, with dimensions in cm, is approximated by
where parameters λ , µ and x are defined by ( ) 
In order to compute mutual inductance M , also in mH, between two coils with 1 N and 2 N turns, the following expression is used, with dimensions in cm, If the SC coil is built only by one pancake, then inductance is given by (2)- (5). If more than one pancake coil is used, then mutual inductances between each pair of pancakes must be calculated and total inductance of the SC coil is given as follows 1 1 2 2 , ,
where C N is the number of pancakes in the set. One common task consists on maximizing inductance of the coil given available length of superconducting tape. An optimization algorithm derived elsewhere [9] uses (2)-(5) to obtain internal radius and number of turns for a single coil that maximizes self inductance value. After this optimization, given the number of pancakes used, total inductance of the system is derived by (6)-(7).
Validation of the Model
To validate the results given by the model represented by equations (2)-(7), i.e. to verify that the values of mutual and self inductance given by equations are accurate, two small pancake coils were implemented using two similar 1G tapes (InnoST Bi-2223 HTS insulated wire), named A and B, whose characteristics are shown in Table  1 . The specified length of tape for each coil was 37.5 m, and the optimization algorithm returned an internal radius of 32 mm. After building coils with required dimensions, their inductance was measured using a digital RLC meter (LTD edc1620) and the results of such measurements are presented in Table 2 . The implemented coils are shown in Fig. 2 . As can be seen in Table 2 , the results obtained with measurements are within a 10% margin of the calculated value, except for Coil A. Such deviation is due either to uncertainty in dimensions of the prototype due to shrinking of materials in liquid nitrogen (77 K) experimental measurements environment. 
Critical Current of the Superconducting Set of Coils
Critical current measurement is needed as operating currents (and stored energy) are limited by this value. Manufacturers specify this value measured in a single portion of tape under self-or external field. In the present case, the effect of magnetic field due to adjacent stacked tapes is expected to degrade critical current. This value is often defined as the current that generates an electric field of 1 µV/cm in the tape.
Critical Current Measurement
Using the four point method, critical current of the two pancakes operating both separated and in series was measured and results are presented in Fig. 3 . In both cases voltage drops at the terminals of each pancake were measured and added to obtain the total voltage drops in the SC set. Using this method, the voltage drop in the resistive connection between the two pancake coils does not influence results.
Fig. 2. Implemented coils: coil A (left) and coil B (right).
As can be seen in Fig. 3 , critical current of both coils is similar and approximately 30 A, which is only one third of the value given by manufacturer. Such value is coherent with results previously obtained by other research groups [10] , and confirms that in 1G tapes the critical current value decreases rapidly with the increase of the magnetic field. It is also shown that when the two coils are operating in series, critical current value decreases and the losses on the tape increase. This also validates the fact that the increase of magnetic field decreases critical current value, since a set of two coils generate higher magnetic field than a single coil, for the same current.
Improvement in Critical Current
The degradation of critical current value measured in the SC coils is due to the existence of self field. As mentioned, this effect is accentuated for field components perpendicular to the tape surface, which is more relevant in the internal and external turns of the coils. One approach to minimize this effect consists on using ferromagnetic flux diverters on the extremities of the SC coil [11] . If the air gap between the SC coil and the ferromagnetic material is small enough then flux lines close through the ferromagnetic material and are diverted from the SC tape. To verify the previous concept, the SC coil built by two series connected pancakes, was tested again with the ferromagnetic material on top and beneath. Fig. 4 shows a comparison between the results obtained with and without diverters. According to that figure, critical current increased with diverters, which is accomplished by a decrease in resistive losses in the SC tape. This demonstrates that ferromagnetic diverters have a positive effect in the field distribution. 
Conclusions
In the design of a SMES system, several steps must be followed. The superconducting coil must be properly modeled as it represents the core element of the device. As a first approach, a mathematical model to determine the inductance of superconducting coils was applied. This model is based on classical mathematical expressions, usually applied to conventional materials. To validate the model, two superconducting pancake coils were built using first generation tape and the inductance of the set was measured. The critical current of the set was measured and the influence of the magnetic field in the critical current value was verified. This is also very important on SMES because the stored energy depends on the squared value of current that flows through the coil. As a possible solution to minimize the effect of the magnetic field on the critical current value, a ferromagnetic diverter was added to the system leading to an increase in the current.
As future work, a complete model of the whole system, including mechanical and thermal effects is foreseen.
